Two liquid membrane oscillators composed of aqueous solutions containing cetyltrimethylammonium chloride (CTACl) and alcohol, W1 and W1′, a nitrobenzene solution containing picric acid, O, and pure water phase, W2, were connected through O and W2 as common phases. Two glass tubes including W1 and W1′ were inserted into the O/W2 interface. Both membrane potential differences between W1 and W2 and that between W1′ and W2 were recorded using a pair of Ag/AgCl electrodes located near the orifice of each tube. The oscillations of two membrane potentials synchronized each other when the distance between the tubes was less than 10 mm. The synchronization was attended by the propagation of a potential pulse from one side to another with an interval of approximately 70 ms at a distance of 10 mm. It was examined whether the propagation of the potential pulse was due to electric conduction in bulk phases, or due to the interfacial conduction by several experiments in the addition of indifferent electrolytes or nonionic surfactant. Consequently, it has been demonstrated that the propagation of oscillation pulse was dominated mainly by the interfacial conduction process, and additionally by the bulk ionic conduction and that the interfacial diffusion and distribution of Cl -played a crucial role.
Introduction
Various oscillatory phenomena have been realized in artificial membrane systems 1, 2 for understanding the excitability of the bio-organism or the heterogeneous non-equilibrium dynamics. Especially, there have been much work on the oscillation in liquid/liquid interface or the liquid membrane systems. Following the pioneer work on the electrical instability at an oil/water interface by Dupeyrat and Nakache, 3, 4 the oscillations of the interfacial potential difference or the interfacial tension in two-phase systems have been investigated. [5] [6] [7] [8] [9] [10] [11] [12] Further, the oscillations of the membrane potential or the current in three-phase liquid membrane systems have been investigated extensively. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] One of the typical liquid membrane systems is composed of an aqueous solution containing cetyltrimethylammonium chloride (CTACl) and alcohol, W1, a nitrobenzene solution containing picric acid (HPic), O, and a pure water phase, W2, 13, [15] [16] [17] [18] [19] [20] [23] [24] [25] where such a potential oscillation appeared with an amplitude of 0.3 to 0.4 V and a period of 1 min. The oscillation mechanism of this system was proposed by the present authors, 23 where the amplitude of potential oscillation was explained by the difference in the Gibbs energies for the transfer of Pic -and Cl -from O to W2, and the adsorption and desorption of the H + Pic -ion pair at the O/W2 interface were requisite for the oscillation.
The propagation of membrane potential pulse plays an important role in nerve transmission or the synchronized contraction of cardiac cells. However, the propagation or synchronization of potential oscillations in multiple liquid-membrane systems has been scarcely investigated, except for a report by Yoshihisa et al. 20 Yoshihisa et al. first realized the synchronization of potential oscillations in a multiple liquid membranes system with the aid of two glass tubes, which was also adopted in this study. They confirmed the propagation of the oscillation based on the time difference between the first pulses, which was approximately 10 s, and described that the propagation could be attributed to ion transport in the membrane bulk. A further precise analysis on the propagation between synchronized pulses was not pursued in their brief report, and the detailed mechanism of the oscillation propagation including the role of the interfacial reaction was not discussed.
In the present study, the strict synchronization between potential oscillations in two-glass tube system was attained, and the relationship between the synchronization and the propagation of pulses was analyzed with a precise time resolution of 5 ms order. Further, it was discussed whether the propagation of an electric pulse was attributed to the transmission through the bulk phase, or that on the interface.
Experimental

Electrochemical measurement
A glass vessel of 10 mm width, 100 mm length and 30 mm depth was employed, where 10 mL of nitrobenzene (NB) containing 5 × 10 -4 mol dm -3 (M) HPic was poured as a membrane phase, O, as illustrated as Fig. 1 . Two glass tubes of 6 mm inner diameter were inserted in the O, and two aqueous solution, W1 and W1′, containing 8 to 40 mM CTACl and 0.5 M 2-propanol were poured into each glass tube and overlaid on the O. Finally, W2 of pure water was overlaid on the O outside of the tubes. According to the literature, 25 ,28 a V-shaped notch of 3 mm depth was put at the orifice of the tube to approach three phases closely and to improve the reproducibility of oscillation. The glass tubes had been kept inserted deeply in the O during the filling of solutions inside the tubes, and then the glass vessel placed on the lab jack was moved downward to realize the closest approach of W1 and W1′ toward W2 nearby the V-shaped notch and to start the oscillation. The glass surface of the notch was silanized with dimethyldichlorosilane to prevent the contact of W1 (or W1′) and W2. The horizontal distance between two glass tubes, denoted as X, was defined as the distance between notches facing each other, which was adjustable in the range of 0 to 40 mm.
A pair of Ag/AgCl electrodes with needle-like tips filled with 10 mM LiCl solution were inserted into W1 or W1′ and W2 nearby the notch of the glass tube for measuring the membrane potentials with the following cell (I):
The membrane potential difference between W1 and W2, denoted as E1, and that between W1′ and W2, denoted as E2, were recorded as the potential of Ag/AgCl in W2 with respect to that in W1 or W1′. If needed, 10 mM MgSO4 and 0.5 mM bis(triphenylphosphoranylidene)ammonium salt of tetrakis [3,5- The time-courses of the membrane potentials, E1 and E2, or those of one membrane potential, E1, and the interfacial potential difference at the O/W2 interface, E3, were recorded simultaneously with the aid of a digital recorder (GRAPHTEC Co., mid-LOGGER GL900) via electrometers (Hokuto Denko Co., HA151). The minimum interval of data acquisition time was 5 ms. When the potential difference at the O/W2 interface was controlled externally, two Ag/AgCl electrodes in both phases were inserted as counter electrodes in addition of reference electrodes as in cell (II), connected to a potentiostat (Hokuto Denko Co., HA1010mM1A) with a function generator (Hokuto Denko Co., HB111).
All measurements were carried out at ambient temperature, which was controlled to be 25 ± 1 C.
Chemicals
The TPenATFPB salt was obtained by mixing a methanol solution of TPenABr with that of NaTFPB and purified from the ethanol solution. 29 The BTPPATFPB salt was obtained by mixing a methanol solution of BTPPACl with that of NaTFPB and purified from the ethanol solution. 30 The NaTFPB salt was synthesized as reported previously. 29, [31] [32] [33] CTACl (Wako Pure Chemical Ind., No. 038-08402), picric acid (Nacalai Tesque Ind., No. 279-2625G) and polyoxyethylene (20) sorbitan monolaurate, so-called Tween 20, (Wako Pure Chemical Ind., No. 163-11512) were employed as obtained commercially without any further purification.
All other chemicals employed were of reagent grade.
Results and Discussion
The influence of the distance between two glass tubes on the synchronization of two potential oscillations The concentration of CTACl in W1 and W1′ was set to be 5 mM. When a potential oscillation of E1 or E2 was measured using a single tube only, an intrinsic oscillation period was observed to be approximately 60 s. The correlation between time-courses of E1 and E2 was classified into three types according to the horizontal distance, X, between two glass tubes. When X exceeded 20 mm, as shown in (a) of Fig. 3 , the pulse timings of E1 and E2 did not necessarily coincide. That is, E1 and E2 oscillated independently. When X was in the range of 10 to 20 mm, two oscillations synchronized imcompletely, as the amplitudes of the corresponding synchronized pulses are different, i.e., E1 of large amplitude and E2 of small amplitude synchronized and vice versa, as shown in (b). The larger amplitude agreed with an amplitude of the independent oscillation, but the smaller one increased gradually with a decrease of X. Further, it should be noted that the period between large pulses also changed, depending on X in the range of 60 and 120 s in case of the imperfect synchronization. When X was less than 10 mm, as shown in (c), E1 and E2 synchronized completely with almost the same amplitude and period as those in the independent oscillations. Under the synchronism condition of X = 10 mm, synchronized pulses of E1 and E2 were analyzed precisely. When each pair of synchronized pulses was expanded in a short time range, as shown in Fig. 4 , the potential change of E1 occurred approximately 70 ms later than that of E2 or vice versa. In the case of the synchronization of oscillations with an equal period, the transmission in the direction from E2 to E1 and that in the direction from E1 to E2 tended to occur alternatively. As the difference between intrinsic periods of two oscillations was increased, which was realized by different concentrations of CTACl in W1 and W1′, the alternative transmission turned into a one-way transmission. In that case, the oscillation having a shorter period gave a precedent pulse in every pulse pair. As a result, it was demonstrated that the synchronization was accompanied by the propagation of potential oscillation pulses from one glass tube to the other, and that the propagation rate was 15 ± 1 cm s -1 regardless of X.
Propagation and damping of potential oscillation generated at a single glass tube
In order to confirm the propagation of a potential oscillation pulse, a single tube containing 5 mM CTACl was set in the vessel containing the same O and W2 as Fig. 1 , and a pair of reference electrodes for the monitoring of the interfacial potential at the O/W2 interface was inserted into O and W2 at a defined horizontal distance, Y, from a notch of the glass tube in the cell configuration of Fig. 2 . Y was changed in the range between 5 and 30 mm. Figure 5 shows the influence of the distance Y from the glass tube on the amplitude of the potential pulse, E3, recorded with a pair of reference electrodes. When Y was less than 10 mm, the amplitude of the pulse was 0.3 to 0.35 V. The amplitude decreased with an increase of Y and it was close to 0 V when Y was larger than 20 mm. This result indicates that the potential oscillation pulse generated at a single membrane system was transmitted radially along the O/W2 interface together with a decay of its amplitude. The propagation rate of the pulse was approximately 15 cm s -1 indifferent from the distance Y, which agreed with the rate observed between synchronized oscillations in Fig. 4 . The pulse propagation was observed also by simultaneous measurements of the interfacial potential differences using three pairs of reference electrodes at the distance Y of 5, 15 and 25 mm, and the damping of the amplitude similar to that in Fig. 5 and the propagation rate independent of Y were confirmed.
Here, it is noted that the X dependence of three patterns of synchronization using two glass tubes in Fig. 3 corresponds to the Y dependence of the amplitude damping of the transmitted pulse in Fig. 5 . It can be concluded that the synchronization was attained when the amplitude of the transmitted oscillation pulse at the O/W2 interface was sufficiently large.
Influence of ionic conduction in bulk phase on the pulse propagation
In order to examine the influence of the bulk conductivity on the propagation of potential pulse, the same configuration as Fig. 5 was prepared, but 0.5 mM hydrophobic electrolyte, BTPPATFPB, was added in O and 10 mM MgSO4 in W2, and the propagation of the potential oscillation pulse was investigated similarly to the case of Fig. 5 . As shown in curve (a) of Fig. 6 , the potential pulse in the presence of electrolytes travelled further from the glass tube than that in the absence of electrolytes, and the damping of amplitude became more moderate as the original amplitude of approximately 0.3 V was maintained in the range of Y between 0 and 20 mm.
In the cell configuration the same as that in Fig. 1 using two glass tubes, the influence of the addition of electrolytes on the synchronization of two potential oscillations was examined. The addition of 0.5 mM BTPPATFPB in O and 10 mM MgSO4 in W2 expanded the synchronization region to the distance X of 20 mm, which agreed with the distance Y for a region of negligible damping in curve (a) of Fig. 6 . The above results indicate that the enhancement of bulk conductivity prolonged the propagation of oscillation pulse.
The addition of electrolytes also influenced the propagation rate. When Y was in the range between 0 and 10 mm, the propagation rate was accelerated as approximately 28 cm s -1 , which was much larger than that in the absence of electrolytes. The propagation became slower with an increase of the distance Y, and reached 16 cm s -1 at distances further than 30 mm, which was comparable to the rate in the absence of electrolytes. This result suggests that the acceleration effect of the bulk conductivity on the propagation of oscillation pulse was limited within the defined distance, and that the propagation was not dominated by the bulk conduction only.
Comparison of the propagation of potential pulse generated by external circuit with that generated by spontaneous potential oscillation
In order to confirm that the propagation was not promoted by only the bulk conduction, it was investigated whether the potential pulse generated by an external circuit propagates in a similar manner as one generated by oscillation. If this is not the case, the propagation process other than the bulk conduction is reconfirmed. An aqueous phase containing 10 mM MgSO4 only was overlaid on a NB phase containing 0.5 mM BTPPATFPB only in the vessel to form the polarized O/W2 interface, where no spontaneous oscillation occurs. Two Ag/AgCl electrodes as counter electrodes were inserted together with reference electrodes of cell (II) in O and W2 instead of a glass tube in Fig. 2 , and were connected to a potentiostat. The triangular wave of 0.45 V→0.10 V→0.45 V with an amplitude of 0.35 V was applied using the potentiostat at a scan rate of 0.20 V s -1 which gave the same pulse width as an oscillation potential pulse. Further, another pair of reference electrodes was set apart from the counter electrodes to examine the damping behavior of the potential pulse at the O/W2 interface. The time-courses of the interfacial potential difference at various distances were recorded with the potential pulse applied by the potentiostat, and the distance dependence of the amplitude of the transmitted pulse was examined as can be seen in curve (b) of Fig. 6 .
The amplitude of the transmitted pulse shown in curve (b) decreased linearly with an increase of the distance. Kurauchi et al. demonstrated previously 34 that the transmitted potential difference of the polarized oil/water interface changed linearly along the interface when the conductivity of either phase was low. In the present case also, it is considered that the amplitude of the interfacial potential difference lessened along the O/W2 interface owing to a high solution resistance of the bulk phase, especially of the O phase containing a low concentration of salt.
In comparing curve (a) with curve (b) in Fig. 6 , it is noted that the potential pulse generated by the potential oscillation was transmitted without damping in the definite range of 0 to 10 mm. It has been reconfirmed from this contrasting result that the propagation of the oscillation pulse was not controlled by the ionic conduction only, and was related to some interfacial reaction.
The propagation of the external pulse was much faster than that of the oscillation pulse since the time difference between the original applied pulse and the transmitted one fell to the unmeasurable level which was less than 5 ms of minimum interval for the data acquisition. This result suggests that the propagation mechanism of the potential oscillation pulse is quite different from the instantaneous charging process of the polarized oil/water interface.
Influence of the interfacial adsorption of surfactant on the propagation of the oscillation pulse
The same condition as Fig. 5 was prepared in the glass vessel but 20 μM Tween 20 was added in O. The W1 phase was made in contact with the O phase after adsorption equilibrium at the O/W2 interface was attained. Then, the propagation of the potential oscillation pulse was investigated using a pair of reference electrodes, in a similar manner as Figure 7 shows the dependence of the amplitude of the transmitted pulse on the distance Y in both the presence and absence of Tween 20. In contrast to the case in the absence of Tween 20, the damping of amplitude appeared at Y of 5 mm. This result indicates that the interfacial adsorption of Tween 20 makes the oscillation pulse attenuated, and that the O/W2 interface played an important role on the propagation mechanism. On the other hand, the propagation rate was 14 ± 2 cm s -1 , which was almost the same as the value in the absence of Tween 20. In synchronization experiments also using two glass tubes, the addition of Tween 20 hindered the synchronization, showing a similar distance dependence.
The effect of the division of O and W2 on the propagation of the oscillation pulse
In order to confirm the contribution of interfacial propagation to the oscillation pulse propagation, the same condition as Fig. 5 was prepared in the glass vessel, but 0.5 mM BTPPATFPB was added in O and 10 mM MgSO4 in W2. A glass tube including CTACl and a pair of reference electrodes were set at the distance of 10 mm, which was the condition for the propagation of the oscillation pulse without damping. Two phases and the O/W2 interface were divided with a glass plate in three manners as shown in Fig. 8 . In the case of (a), a glass plate was inserted vertically between the glass tube and a pair of reference electrodes, and the inferior end was set at a depth of 5 mm below the interface. Accordingly, the whole W2 phase and a part of the O phase were partitioned vertically, and then O phase only was open. In the case of (b), a lower O phase and a part of the W2 phase were screened, and only the W2 phase was open. In the case of (c), the O/W2 interface and its vicinity were interrupted by a glass plate 6 mm high, and both O and W2 were open. Silicon rubber was attached around glass plates to prevent leakage between the plate and the glass vessel.
When no glass plate was inserted, the amplitude of the transmitted potential pulse was approximately 0.30 V, and the propagation rate was 15 cm s -1 . In the cases of (a) and (b), where either phase was interrupted, the transmitted pulse was not observed, even at a distance of 10 mm. In the case of (c) where the interface region only was interrupted, the amplitude of the transmitted potential pulse was 0.07 V at most, while the propagation rate was enhanced to be approximately 80 cm s -1 . These results suggest that the ionic conduction in the bulk was rather fast, but did not contribute very much to propagation of the potential oscillation pulse, and that the propagation of the oscillation pulse was attributed mainly to interfacial conduction.
The mechanism for the propagation and the synchronization of potential oscillations
The above experimental results have demonstrated that the propagation of the potential oscillation should be based principally on the succession of the interfacial processes along the O/W2 interface. For simplification of the propagation mechanism, let us imagine the interfacial region in the vicinity of V-shaped notch where the initial potential pulse originates, which is defined as region A, and the neighboring region where the initial pulse is transmitted, which is defined as region B. Taking into consideration the oscillation mechanism described previously, 23 the propagation mechanism is proposed as follows. Before pulse generation, the ion-pair H Pic -is adsorbed at the whole O/W2 interface, and simultaneously H + and Pic -are distributed from O to W2. At the W1/O interface, CTACl is distributed from W1 to O and diffused to the O/W2 interface through the notch. The interfacial potential difference at the W1/O interface was kept constant because the concentration of CTACl is relatively high. Accordingly, the change of the membrane potential between W1 and W2 originates from that of the interfacial potential at the O/W2 interface.
Soon, the concentrations of CTA + and Cl -increase at the O side of region A. CTA + is adsorbed at the O/W2 interface in region A with a counter ion of hydrophilic Cl -, as can be seen in Fig. 9(a) . When the interfacial concentration of Cl -exceeds that of Pic -that is more hydrophobic than Cl -, the interfacial potential at the O/W2 interface changes from the distribution potential for H + and Pic -to that for H + and Cl -, as demonstrated voltammetrically in the previous work. 23 The shift of the interfacial potential at the O/W2 interface leads to that of the membrane potential, E1. Since the potential shift is over the potential of zero charge, pzc, of the interface, the charge of electric double layer is reversed in region A, and then the ion-pair H + Pic -is desorbed to the O phase, as shown in Fig. 9(b) . The concentration of H + and Pic -in the O side is recovered, and the potential returns to the original potential in region A.
At the interface of region A after the potential shift, adsorbed CTACl becomes unstable because of the reverse of double-layer charge, followed by the horizontal diffusion of CTACl along the interface from region A to region B, where the double-layer charge is not still reversed (Fig. 9(b) ). In region B, the Clconcentration increases, and a potential shift takes place, as shown in Fig. 9(c) . The interfacial diffusion of CTACl has been suggested visually by the horizontal movement of activated carbon particles floated on the O/W2 interface occurring in synchronization with the potential pulse. The progression rate of carbon particles was approximatedly 15 cm s -1 . If such a propagation of potential pulse occurs successively and reaches another glass tube without damping, a potential shift of E2 is induced, and the synchronization of E1 and E2 will be accomplished. The addition of indifferent electrolytes is considered to have worked as a stabilizer of CTACl adsorbed at the polarized interface. The establishment of electric double layer by the addition of electrolytes might accelerate the propagation of CTACl. Further, the neutral surfactant of Tween 20 might have restricted the interfacial adsorption of CTACl. Since the adsorbed surfactant decreased the interfacial area for the adsorption of CTACl, the amount of Cl -distributed with H + for the potential shift decreased, leading to damping of the oscillation propagation.
The evidence of Cl -distribution at the O/W2 interface has been demonstrated by the following experiments. The Ag/AgCl wire of 1 mm length was brought from W2 side close to the O/W2 interface at the horizontal distance of 5 mm from a notch of the glass tube, and the concentration of Cl -in W2 near the O/W2 interface was monitored with another reference electrode.
As a result, a potential change of 20 mV, indicating an increase of Cl -, was observed synchronously with a potential shift of E1. This result indicates that the interfacial distribution of Cl -took place along the O/W2 interface.
Conclusions
In the present paper, the synchronization and propagation of potential oscillations between multiple liquid membrane systems were demonstrated. Two liquid membrane systems of W1|O|W2 and W1′|O|W2 were connected through common phases of O and W2. When W1 and W1′ contained CTACl and O contained HPic, both the potential difference between W1 and W2 and that between W1′ and W2 oscillated and were synchronized. This synchronization was achieved depending on the distance between W1 and W1′. Precise measurements of the time-courses of two potential oscillations proved the propagation of the potential pulse from one side to another, and the propagation of potential pulse was confirmed by measurements of the potential difference at multi points of the O/W2 interface. Furthermore, several experimental results have demonstrated that the propagation of the oscillation pulse was dominated mainly by the interfacial conduction process, and additionally by the bulk ionic conduction. The interfacial conduction was caused by the interfacial diffusion of Cl -, together with the adsorption of CTA + . Further, the propagation was facilitated by the presence of indifferent electrolytes in O phase or W2 phase to stabilize the interfacial adsorption and diffusion of CTACl.
